Inhibition at bipolar cell axon terminals regulates excitatory signaling to ganglion cells and is mediated, in part, by GABA C receptors. We investigated GABA C receptor-mediated inhibition using pharmacological approaches and genetically altered mice that lack GABA C receptors. Responses to applied GABA showed distinct time courses in various bipolar cell classes, attributable to different proportions of GABA A and GABA C receptors. The elimination of GABA C receptors in GABA C null mice reduced and shortened GABA-activated currents and light-evoked inhibitory synaptic currents (L-IPSCs) in rod bipolar cells. ERG measurements and recordings from the optic nerve showed that inner retinal function was altered in GABA C null mice. These data suggest that GABA C receptors determine the time course and extent of inhibition at bipolar cell terminals that, in turn, modulates the magnitude of excitatory transmission from bipolar cells to ganglion cells.
Introduction
Inhibition shapes visually evoked retinal signals. GABA (c-aminobutyric acid) is a transmitter found in both synaptic layers of the retina mediating visuallyevoked inhibition. There is a variety of retinal GABA receptors with different functional properties, suggesting that GABA mediates a diversity of inhibitory signals in the retina. Inhibitory signaling underlies several forms of retinal information processing such as the center surround receptive field organization of ganglion cells, as well as the motion and direction sensitivity of some ganglion cells. Two distinct types of ionotropic GABA receptor, GABA A and GABA C , are abundant in the inner plexiform layer (IPL), where they influence signaling from bipolar cells to amacrine and ganglion cells. Using both pharmacological approaches and genetically altered mice that lack GABA C receptors (GABA C null mice), we have begun to explore the roles of GABA A and GABA C receptors in modulating the neural signals in the IPL. This paper concentrates on how GABA C receptors, acting in concert with GABA A receptors, underlie various forms of inhibition in the IPL.
Retinal GABA receptors
Three classes of GABA receptors mediate inhibition in the retina, the ionotropic GABA A and GABA C receptors, and the metabotropic GABA B receptors. Activation of these receptors hyperpolarizes neurons, leading to reduced transmitter release and/or action potential firing. The focus of the work described here is on the functional roles of the ionotropic GABA receptors located in the inner plexiform layer. For a review of retinal GABA B receptor function, see Slaughter (1995) .
GABA A and GABA C receptors are both comprised of five subunits. However, each receptor type is composed of molecularly distinct subunits, giving rise to receptor classes with different functional properties. Virtually every class of retinal neuron expresses GABA A receptors that are comprised of various heteromeric combinations of six subunits, a, b, c, d, e and p, some of which are comprised of additional subunit subtypes. Subunit expression studies show that not every combination is possible, suggesting that only limited subunit combinations form receptors in the CNS (Mehta & Ticku, 1999) . The reader is referred to reviews by Brecha (1992) and Wassle, Koulen, Brandstatter, Fletcher, and Becker (1998) for more details on retinal GABA A receptor diversity.
Similarities between the properties of native GABA C receptors and heterologously expressed q subunits suggest that retinal GABA C receptors are comprised of homomeric q1 subunits (Amin & Weiss, 1994; Qian & Dowling, 1993) . However, subsequent studies revealed that native GABA C receptors had different properties than homomeric q1 subunits, suggesting that the native GABA C receptor subunit composition was more complex than the expressed homomeric q1 receptors (Qian & Ripps, 1999; Wotring, Chang, & Weiss, 1999 ). The precise subunit composition of native GABA C receptors remains unknown, but GABA C receptors are thought to be comprised of heteromeric assemblages of various q subunits (q1, q2, and q3). In rodents, there is evidence GABA C receptors on bipolar cells are heteromeric assemblies of q1 and q2 subunits (Enz, Brandstatter, Hartveit, Wassle, & Bormann, 1995; Yeh, Grigorenko, & Veruki, 1996; Zhang, Pan, Zhang, Brideau, & Lipton, 1995) . While most evidence suggests that q subunits do not coassemble with GABA A receptor subunits, recent work proposed that heterologously expressed c2 GABA A receptor subunits coassemble with fish q or mutant rodent q1 subunits (Pan, Zhang, Zhang, & Lipton, 2000; Qian & Pan, 2002) . However, evidence for the coassembly of these subunits in vivo is lacking (Haverkamp & Wassle, 2000) .
GABAergic inhibitory retinal circuits
Inhibitory signaling pathways modulate the visual signal as it passes from photoreceptors to bipolar cells and again as it passes from bipolar cells to ganglion cells. The initial inhibitory synaptic interactions that occur at the outer plexiform layer (OPL) are mediated by horizontal cells. A second stage of inhibition occurs in the inner plexiform layer, and is mediated by amacrine cells. Lateral inhibitory interactions in the OPL contribute to the surround portion of the receptive fields of bipolar and ganglion cells (Mangel, 1991; McMahon, Packer, & Dacey, 2004; Werblin & Dowling, 1969) . However, several studies suggest that the OPL generated surround signal is not mediated by GABA (Kamermans et al., 2001; McMahon et al., 2004; Verweij, Hornstein, & Schnapf, 2003; Verweij, Kamermans, & Spekreijse, 1996) . In contrast, lateral inhibition in the IPL, which contributes to the surround of ganglion cells, is mediated by GABA (Cook & McReynolds, 1998; FloresHerr, Protti, & Wassle, 2001 ). In addition, GABAergic inhibition in the IPL also may shape the temporal responses of ganglion cells (Dong & Werblin, 1998) and is a key player in the signaling that determines their motion and direction sensitivity (Caldwell, Daw, & Wyatt, 1978) .
GABA C and GABA A receptors in the IPL
The ionotropic GABA A and GABA C receptors and the metabotropic GABA B receptors are all found in the IPL (Shen & Slaughter, 2001; Wassle et al., 1998) . However in mammalian retina, only GABA A and GABA C receptors are localized to bipolar cell terminals Koulen, Brandstatter, Enz, Bormann, & Wässle, 1998; Koulen, Malitschek et al., 1998) . While both classes of ionotropic GABA receptors play prominent roles in IPL inhibition, the cellular distribution of these two receptor types is distinct (Grunert, 1999; Wassle et al., 1998) . GABA C receptors are found predominantly or exclusively on the axon terminals of bipolar cells and GABA A receptors are located on the dendrites of amacrine and ganglion cells, as well as presynaptically on bipolar cell axon terminals.
Fig . 1A shows that GABA C receptor label is present on rod bipolar cell axon terminals in the mouse retina. The colocalization of GABA C label with the rod bipolar cell marker, protein kinase C, indicates that this receptor is located at their axon terminals. In mouse retina, GABA C receptor label was predominant in the IPL and was comparatively weak in the OPL (McCall, Lukasiewicz, Gregg, & Peachey, 2002) , in agreement with earlier findings in other species (Enz, Brandstatter, Wassle, & Bormann, 1996; Koulen et al., 1997) . This distribution of GABA C receptor labeling is consistent with electrophysiological findings that indicated that GABA C receptor-mediated responses were strongest at the axon terminals and weakest at the dendrites of bipolar cells (Euler & Masland, 2000; Lukasiewicz, Maple, & Werblin, 1994; Shields, Tran, Wong, & Lukasiewicz, 2000) .
Bipolar cell axon terminals also possess GABA A receptors, but they may be located at distinct synaptic sites from that of GABA C receptors (Koulen, Malitschek et al., 1998) . Throughout the CNS the activation of presynaptic ionotropic receptors modulates transmitter release (MacDermott, Role, & Siegelbaum, 1999).
Thus, both GABA A and GABA C receptors are strategically positioned to regulate transmitter release from bipolar cells. But why are two classes of ionotropic GABA receptors present on bipolar cell terminals? A possible explanation may come from responses to GABA puffed onto the axon terminals of a cone bipolar cell from mouse as shown in Fig. 2 . When the GABA response was separated into its GABA A and GABA C receptor-mediated components using receptor specific antagonists it was apparent that the component receptor responses were dramatically different. The GABA A receptor component, isolated by blocking GABA C receptors with TPMPA, was brief, with fast rise and decay time courses. The GABA C receptor component, by contrast, was more prolonged with slower rise and decay time courses. In addition to mediating responses of different time courses, GABA A and GABA C receptors have different affinities for GABA. GABA C receptors on bipolar cells are more sensitive to GABA than GABA A receptors, (Feigenspan & Bormann, 1994 ). This Control current responses, measured in the presence of glycine, AMPA and NMDA receptor blockers were prolonged in duration. When GABA C receptors were blocked with TPMPA, a slow response component was eliminated, isolating the rapidly rising and decaying GABA A receptor component (trace labeled TPMPA). When GABA A receptors were blocked with bicuculline, a fast component of the response was eliminated, isolating the slowly rising and decaying GABA C receptor component of the response (trace labeled bicuculline). The response was completely eliminated by TPMPA and bicuculline, indicating that it was mediated by GABA A and GABA C receptors (trace labeled TPMPA & Bicuculline). combination of ionotropic GABA receptors confers a larger dynamic response to a wider range of GABA concentrations than either receptor alone. In addition, the combination of GABA A and GABA C receptors may give rise to a diversity of temporal filtering of inhibitory signals to bipolar cells. The presence of GABA C receptors gives rise to more sustained responses than those mediated solely by GABA A receptors. The more prolonged GABA C receptor mediated responses may be better suited for modulating the sustained release of glutamate from bipolar cells (Dong & Werblin, 1998; Freed, Smith, & Sterling, 2003) .
Just as the photoreceptor inputs to bipolar cells may be shaped by their glutamate receptor properties (Awatramani & Slaughter, 2000; DeVries, 2000) , the output of bipolar cells may be shaped by the properties of GABA receptors located on their axon terminals. Different classes of bipolar cells possess different combinations of GABA A and GABA C receptors (Euler & Wassle, 1998; Shields et al., 2000) . We found that the time courses of responses to GABA puffed at the axon terminals varied with bipolar cell class in ferret (Shields et al., 2000) . Rod bipolar cell responses were slowest and mediated largely by GABA C receptors and to a lesser extent by GABA A receptors (Fig. 3) . OFF cone bipolar cell responses, by contrast were fastest and mediated largely by GABA A receptors and to a lesser extent by GABA C receptors (Fig. 3) . ON cone bipolar cell responses decayed with an intermediate time course, reflecting a larger contribution of GABA C receptors than found for OFF cone bipolar cell responses (Fig.  3) . We also have demonstrated that GABA A and GA-BA C receptors determine the time course of bipolar cell IPSCs evoked by electrical stimuli (Lukasiewicz & Shields, 1998) .
Why do different classes of bipolar cells express different proportions of ionotropic GABA receptors? One possibility is to match inhibitory signaling kinetics at the bipolar cell axon terminals to those of the photoreceptor inputs at their dendrites. Rod input to rod bipolar cells is slow, attributable to slower rod response kinetics and slower metabotropic glutamate receptors. OFF cone bipolar cell responses are more brisk, consistent with faster cone response kinetics and faster postsynaptic kainate receptors. Thus, slow excitatory inputs are temporally matched with slow GABA C receptor generated inhibition, while faster excitatory inputs are paired with faster GABA A receptor mediated inhibition.
Eliminating GABA C receptors alters GABA evoked responses
It is difficult to determine the precise roles that GABA A and GABA C receptors play in inhibitory signaling using traditional pharmacological approaches because GABA C selective agents are neither potent nor selective enough to isolate receptor-specific effects (Flores-Herr et al., 2001; Matsui, Hasegawa, & Tachibana, 2001; McCall et al., 2002) . The use of GABA receptor antagonists also is limited by their complex network effects in the retina, making it difficult to sort out direct from indirect effects (Roska, Nemeth, Orzo, & Werblin, 2000; Zhang, Chang-Sub, & Slaughter, 1997) . To overcome some of these limitations, we studied GABA C receptor function in mice in which GABA C receptors were eliminated (McCall et al., 2002) . Although native GABA C receptors in rodents are composed of q1 and q2 subunits, eliminating the expression of the q1 subunit gene abolished GABA C receptor expression (see Fig. 1 ). GABA C receptor labeling was not present in the GABA C null mice, suggesting that either q1 subunits are necessary for assembly and/or trafficking of the GABA C receptors to the membrane or q2 expression was perturbed by the q1 gene inactivation. The functional consequences of elimination of the GABA C receptor were assessed by focally puffing GABA onto the axon terminals of rod bipolar cells. GABA-evoked currents recorded in GABA C null mice were dramatically different from those recorded in WT mice (McCall et al., 2002) . Current responses from rod bipolar cells of GABA C null mice were smaller and briefer than those from WT mice (Fig. 4) , consistent with the notion that GABA C null bipolar cell responses were mediated solely by GABA A receptors. Pharmacological experiments showed that current responses from GABA C null mice were completely blocked by bicuculline, confirming that they were mediated solely by GABA A receptors. WT rod bipolar cell responses, by contrast, were minimally affected by bicuculline, but dramatically reduced by the GABA C receptor antagonist TPMPA, indicating that they were largely mediated by GABA C receptors. TPMPA did not affect the small bicuculline resistant GABA responses in GABA C null mice, confirming that GABA C receptors were absent in these animals.
Eliminating GABA C receptors alters light-evoked inhibitory synaptic inputs
The properties of postsynaptic GABA receptors as well as the transmitter release properties of GABAergic amacrine cells determine the time course of synaptic GABA signals in bipolar cells (Lukasiewicz & Shields, 1998) . To determine the contribution of GABA receptor properties to synaptic responses, the time course of light-evoked inhibitory synaptic currents (L-IPSCs) were compared in rod bipolar cells from GABA C null and WT mice. Fig. 5 shows L-IPSCs recorded from rod bipolar cells in WT and GABA C null mice, in response to brief light flashes. Similar to that observed with GABA puff responses, L-IPSCs from GABA C null mice were smaller and briefer than those recorded in WT mice. These data suggest that WT rod bipolar cell responses were determined largely by GABA C receptor properties, whereas the briefer responses in GABA C null rod bipolar cells were determined by GABA A and glycine receptor properties (Eggers & Lukasiewicz, 2004) . The marked differences in L-IPSCs recorded from GABA C null and WT rod bipolar cells indicated that no compensatory up-regulation of GABA A and glycine receptors occurred after GABA C receptors were eliminated from GABA C null mice.
Inner retinal function is altered in GABA C receptor knockout mice
The altered GABA-evoked responses and L-IPSCs recorded from rod bipolar cells in GABA C null mice suggest that transmission between rod bipolar cells and third order retinal neurons should be affected by the elimination of GABA C receptors. To assess the function of the rod signaling pathway, dark-adapted ERG measurements were made from WT and GABA C null mice (McCall et al., 2002) . Fig. 6 shows ERG responses (top row) recorded from WT and GABA C null mice. The dark-adapted a-and b-waves, which reflect rod outer segment and rod bipolar cell function, respectively, were similar in WT and GABA C null mice, suggesting that outer retinal function was not changed in GABA C null mice (McCall et al., 2002) . In contrast, the oscillatory potentials (OPs) that were superimposed on the bwave, and reflect synaptic interactions between rod bipolar cells and third order neurons in the IPL, were markedly altered in the GABA C null mice. Both the number and amplitude of the OPs were increased in GABA C null compared to WT mice and were more evident when the low frequency components of the ERG response were filtered (Fig. 6 , bottom row) (McCall et al., 2002) . The dark-adapted ERG data, along with the rod bipolar cell L-IPSC results, suggest that elimination of the GABA C receptor reduces inhibition at the rod bipolar cell axon terminal, enhancing transmission to third order retinal neurons.
Elimination of the GABA C receptor alters ganglion cell light responses
GABA C receptors on bipolar cell axon terminals modulate excitatory signaling to ganglion cells (Dong & Werblin, 1998; Flores-Herr et al., 2001; . GABAergic amacrine cells mediate both wide field (Cook & McReynolds, 1998; Flores-Herr et al., 2001 ) and local feedback inhibition (Dong & Werblin, 1998; Freed et al., 2003) that modulates bipolar cell to ganglion cell transmission. The enhancement of the oscillatory potentials in GABA C null mice suggested that transmission from bipolar cells was enhanced when GABA C receptors were eliminated. To assess the roles of GABA C receptors more directly, McCall and Sagdullaev (2003) recorded light-evoked ganglion cell responses in vivo from optic nerve fibers . Dark-adapted ERG components that reflect IPL synaptic activity are altered in GABA C null mice. Top row. ERG responses recorded from WT and GABA C null mice showed no significant differences in a-wave and b-wave amplitudes. Bottom row. ERG responses in the top row were high pass filtered to isolate the oscillatory potentials (OPs) from the a-and the b-waves. In GABA C null mice, the number and amplitude of the OPs were larger than in the WT mice.
in WT and GABA C null mice. Spontaneous firing was increased in ganglion cells from GABA C null mice compared to WT mice (Fig. 7) . In addition, peak responses of GABA C null ganglion cells to the activation of their receptive field center also were significantly larger, (Fig. 7) , even after these responses were corrected for spontaneous firing rates. These data suggest that one role for GABA C receptors, which probably mediate local feedback inhibition, is to diminish transmission between bipolar cells and ganglion cells in response to center illumination. In addition to effects on local feedback inhibition, lateral inhibition that contributes to ganglion cell receptive field surround signaling also may be enhanced in GABA C null mice. Preliminary experiments suggest that surround inhibition is weaker in GABA C null ganglion cells, altering their receptive field organization (McCall & Sagdullaev, unpublished observations).
Future directions
Our knowledge of the roles of ionotropic GABA receptors in the retina has advanced tremendously in the last decade, but many challenges remain. Although different subtypes of GABA A and GABA C receptors exist in the retina, the determination of their functional roles must await the development of subunit specific pharmacological agents or knockout mice. Another challenge is to determine the subunit composition of native GABA C receptors. Co-immunoprecipitation experiments are needed to determine whether mouse GABA C q subunits co-assemble with GABA A receptor subunits in vivo, as suggested by heterologous expression studies with fish subunits (Qian & Ripps, 1999) . The functional roles of different types of GABA A and GABA C receptors in specific retinal circuits are still not well understood. Through the use of subunit specific antagonists and knockout mice with specific GABA receptor subunits eliminated, as they become available, we will be better able to determine the specific GABA receptor subunits that may selectively adjust the inhibitory signal in different retinal circuits. Fig. 7 . Spontaneous and light-evoked spiking were enhanced in retinal ganglion cells of GABA C null mice. Representative peristimulus time histograms illustrating the differences in light-evoked and spontaneous firing in ON center ganglion cells from a WT (A) and GABA C null (B) mice. The lower trace in B indicates the duration of a 2 s light centered on the cellÕs receptive field center. Both light-evoked and spontaneous firing were increased in GABA C null mice compared to WT mice, consistent with the elimination of GABA C receptor-mediated inhibition to bipolar cell terminals.
